We present evidence for Cp* being a sacrificial placeholder ligand in the [Cp*Ir III (chelate)X] series of homogeneous oxidation catalysts. UV-vis and 1 H-NMR profiles as well as MALDI-MS data show a rapid and irreversible loss of the Cp* ligand under reaction conditions, which likely proceeds through an intramolecular inner-sphere oxidation pathway reminiscent of the reductive in-situ elimination of diolefin placeholder ligands in hydrogenation catalysis by [(diene)M I (L,L')] + (M = Rh and Ir) precursors. When oxidatively stable chelate ligands are bound to the iridium in addition to the Cp*, the oxidized precursors yield homogenous solutions with a characteristic blue color that remain active in both water-and CH-oxidation catalysis without further induction period. Electrophoresis suggests the presence of well-defined Ir-cations, and TEM-EDX, XPS, 17 O-NMR, and resonance-Raman spectroscopy data are most consistent with the molecular identity of the blue species to be a bis-µ-oxo di-iridium(IV) coordination compound with two waters and one chelate ligand bound to each metal. DFT calculations give insight into the electronic structure of this catalyst resting state, and timedependent simulations agree with the assignments of the experimental spectroscopic data.
INTRODUCTION
Since our initial report in 2009, 1 organometallic Cp*Ir III complexes (Cp* = pentamethylcyclopentadienyl, C 5 Me 5 -) have continued to demonstrate promising potential in water- [2] [3] [4] [5] [6] [7] [8] [9] and CHoxidation 10-12 catalysis (figure 1). The development of efficient catalysts for these both kinetically and thermodynamically challenging reactions is of intense current interest. The water-oxidation half-reaction represents the energetic bottleneck for its use as sustainable source of electrons and protons as clean and renewable fuel in solar energy conversion schemes, [13] [14] [15] [16] [17] [18] [19] [20] and water-oxidation catalysts are crucial for maximizing overall efficiency. 21 Selective CH-oxidations are key to the upgrading of unreactive feedstocks [22] [23] [24] [25] and the development of new synthetic methodologies, [26] [27] [28] and only through the use of suitable catalysts may selectivity be steered in a desired way and avoid over-oxidation. 29 Cp*Ir III precatalysts have afforded high rates and turnover numbers in water-oxidation (WO) catalysis, 2,9 and catalytic CH-oxygenations (CHO) proceed with retention of configuration at carbon 10 and good functional group tolerance. 12 Rational catalyst development enabling efficient application is contingent upon a thorough understanding of their mode of action. Well-defined molecular systems promise to be more amenable to mechanistic studies and systematic fine-tuning than bulk metal-oxide catalysts, 30,31 but due to the harsh conditions required to drive these demanding oxidations little experimental insight into the catalytic cycle has been obtained so far for the iridium systems. Only if we know which ligands are retained throughout the cycle can we design better catalysts, but while the high reaction rates of the Cp*Ir III precursors are particularly promising they ironically add to the difficulty of investigating their mechanism. We have previously suggested a plausible catalytic cycle supported by DFT calculations 2 and studied some model intermediates, 32, 33 but now we present results of detailed experimental investigations on pre-catalyst transformation under reaction conditions that led to the characterization of a catalytically relevant intermediate for the first time.
We 34 and others 6 have previously observed that a common feature of virtually all active Ir-WOCs is that under turnover conditions they evolve to a deeply blue colored solution with a characteristic absorption around 600 nm in the UV-vis spectrum. Although this has often been equated with the presence of IrO x nanoparticles (NPs) in solution, 6, 35, 36 we have shown that when Cp*Ir III precursors bearing oxidation-resistant chelate ligands (i.e. 2,2'-bipyridine [bipy] or 2-(2'pyridyl)-2-propanolate
[pyalc]) are employed, these reactive blue solutions are truly homogeneous. We have excluded the presence of nanoparticles when using chemical oxidants by time-resolved dynamic light scattering (DLS), 34 shown that no heterogeneous material deposits on the anode when using an electrochemical potential by electrochemical quartz-crystal nanobalance (EQCN) experiments, 37 and demonstrated that they display molecular kinetics distinct from those of classical IrO 2 NPs. 2 Based on the observed ligand effects on the resistance towards NP formation and on the λ max of the resulting particle-free blue solutions, we proposed retention of the chelate ligand in a molecular blue species. 34 The fate of the Cp* ligand, the molecular identity of the blue species, and its kinetic relevance to catalysis, however, are important questions that remained to be answered. Both nucleophilic attack of the benzylic CH's 38-41 as well as electrophilic attack on the quaternary carbons 42, 43 of Cp* are known for half-sandwich complexes of iridium, and several studies have reported Cp* modification under oxidative conditions, 6, 41, 42 without a clear interpretation as to what this means for the catalysis, however. A recent study on functionalized Cp*Ir WOCs embedded in a porous solid, which appeared while this work was in progress, reported some evidence for Cp*-free iridium species as pre-catalyst derivatives. 44 Here we present our results of detailed kinetic and spectroscopic investigations on solution-phase oxidation catalysis using homogeneous Cp*Ir III precursors with NaIO 4 as mild chemical oxidant 45 ,46 that answer some of the above-mentioned questions, and draw a clearer picture of how these promising systems function on the molecular level.
RESULTS AND DISCUSSION
We started studying the oxidative transformation on the relatively slowly reacting pre-catalyst [Cp*Ir(bipy)OH]BF 4 (1) . Monitoring the reaction of 1 with excess NaIO 4 in H 2 O (scheme 1) by UV-vis spectroscopy showed a smooth evolution of the characteristic λ max ~590 nm over the course of several minutes (figure 2, left), well suited for kinetic studies.
Scheme 1. Oxidation of yellow [Cp*Ir(bipy)OH]BF 4 to a blue species.
Variation of iridium concentration showed the rate of the reaction to be independent of [Ir] over more than one order of magnitude (figure 2, right), whereas variation of NaIO 4 concentration showed a firstorder rate dependence on oxidant (figure 3). Thus, the rate-determining step of the formation of the blue species appears to be the initial oxidation of the Cp* precursor, proceeding with an apparent first-order rate constant k obs = 0.08 ± 0.01 s -1 that corresponds to a half-life time of about 9 seconds for 1 under these conditions. Furthermore, the electronic transition at ~590 nm likely involves a single metal center since identical final molar absorptivities of ɛ 590 = 1850 ± 50 M -1 cm -1 were found over a wide range of iridium concentrations (figure 2, right). Monitoring the reaction of 1 with excess NaIO 4 in H 2 O by 1 H-NMR analysis of sampled aliquots quenched with NaHSO 3 showed a progressive disappearance of the Cp* peak over time with build-up of acetic acid to a final level of ~1.8 equiv. per [Ir] (figure 4, left). No signals from partially oxidized 1 or other organic fragments were detected by 1 H-and 13 C-NMR, but some split and broadened peaks of the bipy ligand remained visible in the aromatic region (figures S1 & S2). Importantly, monitoring the reaction by UV-vis spectroscopy under the same conditions showed Cp* loss to be concomitant with build-up of the absorption at 590 nm (figure 4, right), suggesting the blue species to be an oxidized form of 1 lacking the Cp* ligand. In order to test how the Cp* ligand is oxidatively removed from the Ir III precursor, the coordinatively saturated sandwich complex [Cp*Ir(tacn)]SO 4 (2, tacn = 1,3,5-triazacyclononane) was prepared and treated with excess NaIO 4 in H 2 O (scheme 2). In this case, the 1 H-NMR and UV-vis spectra of the complex remained entirely unchanged, and no O 2 evolution was detectable by Clark-type electrode (figures S5-S7). The complete inertness of 2 towards oxidation demonstrates that neither direct oxidant attack on the coordinated Cp* ligand nor outer-sphere electron transfer from the Ir III to the oxidant seem to take place, and oxidative transformation of Cp*Ir III When a 1:1 mixture of 1 and 2 was treated with excess NaIO 4 in water, the Cp* peak of 1 quickly disappeared from the 1 H-NMR spectrum as in the absence of 2, but the Cp* peak of 2 then also started to decrease over time with more acetic acid being formed ( figure S8 ). This mutual attack on the otherwise inert 2 by oxidized 1 reflects the CH-oxidation ability of these catalysts, and shows that bimolecular pathways may also play a role in the initial precursor oxidation. This observation is important with regards to traces of easily oxidizable iridium impurities potentially carried through to catalytic mixtures from the synthesis. 47 Depending on the initial oxidant/[Ir] ratio, the blue species of oxidized 1 decayed after longer times in solution (figure 5, left). Such behavior has previously been observed for other Cp*Ir III precursors when oxidized with Ce IV , and it was speculated that the corresponding blue species were highly activated intermediates whose decay directly yields O 2 . 48 Monitoring the 590 nm band intensity during O 2 evolution with 1 and NaIO 4 clearly showed, however, that the blue species built up as the rate of O 2 production decreased, and then decayed only after O 2 evolution had ceased (figure 5, right). This behavior is a classical kinetic trace of a metastable intermediate that may either be a catalyst resting or deactivation state. 49 As a result of the limited lifetime of the blue species from oxidized 1 its catalytic relevance could not be probed reliably, and attention was thus turned to other precursors. Cp*Ir III complexes bearing the more strongly donating LX-type pyalc ligand (3, scheme 4) yielded more rapid color changes with an apparent first-order rate constant of ~0.4 ± 0.1 s -1 when oxidized with NaIO 4 , about five times faster than the bipy-based precursor. The corresponding blue species with a λ max ~608 nm was found to persist for days even after complete exhaustion of oxidation potential in solution.
Oxidative Cp* loss was also quicker for 3 than for 1, again liberating ~1. To test whether the stable blue species from 3 may resume its catalytic activity once formed, O 2 evolution was monitored during multiple additions of aqueous NaIO 4 to a dilute solution of 3 ( figure 7 ).
Under the conditions applied, an initial induction period of about 2 min before O 2 evolution set in was observed, which shortens to a minimum of ~10 seconds at higher concentrations (see below). Thereafter, production of ~3 TON (turnover numbers) of O 2 quickly occurred. Repeated additions of the same amount of NaIO 4 to the same solution then caused immediate O 2 production with increased efficiencies of average 7.5 TON to O 2 over at least 4 cycles. 50 Such sustained oxidation activity has been described earlier for various Ir-precursors oxidized with Ce IV , but was interpreted as oxidative loss of all ligands and decomposition to IrO x NPs as the true active catalyst. 6 In this case we can exclude this possibility based on the observed ligand effects and our dynamic light scattering results which showed the system 3 + NaIO 4 to be genuinely homogeneous. 34 Similarly, the catalytic CH-oxidation activity of 3 could also be sustained, and cumulating turnover numbers were obtained upon multiple additions of ethylbenzene-sulfonate (EBS) and NaIO 4 to an aqueous solution of 3 (scheme 5 and table 1).
Scheme 5. Methylene oxidation of ethylbenzene-sulfonate (EBS) to acetophenone-sulfonate (APS)
with NaIO 4 catalyzed by 3. These observations have at least two important implications. Clearly, the Cp*-free blue molecular species formed after initial oxidation is either an in-cycle catalytic intermediate or an off-cycle resting state. Furthermore, the fact that an induction period is only initially observed and that unperturbed performance occurs upon re-oxidation suggests that intramolecular loss of the Cp* ligand precedes intermolecular turnover in the case of 3, and is thus a precursor activation step rather than a decomposition pathway as previously suggested for other Cp*Ir III pre-catalysts in the presence of ceric ammonium nitrate (CAN). 6, 42, 43 These findings agree well with a recent report on highly efficient wateroxidation catalysis by Cp*Ir III precursors pre-activated with NaIO 4 . 9
Many stable, high-valent Cp* metal-oxo complexes of the middle transition metals Cr, 51 Mo, 52 W, 53 and Re 54 are known, but these generally only oxidize activated substrates (e.g. olefin-epoxidation). To the best of our knowledge, no stable Cp*M=O complexes of the platinum group metals are known, although some Cp*Ru-µ-oxo, 55 Cp*Ru-peroxo, 56 and Cp*Os-µ-oxo 57 species have been reported. Being on the brink of the oxo-wall, 58 an octahedral d 4 Ir V -oxo can be expected to be highly reactive, 59 and it is thus not surprising that the Cp* ligand would be thermodynamically unstable on such a strongly oxidizing intermediate. More importantly, however, the data reported here provides evidence that it is also kinetically unstable, and thus unlikely to be part of an intermolecular oxidation cycle.
Although remarkably robust in solution, isolation of the blue species of oxidized 3 from its native aqueous solution in pure form proved difficult, and more detailed characterizations were thus performed on the solution. Electrophoresis of a solution of oxidized 3 showed a clean migration of the blue compound towards the negatively charged electrode without separation of any other colored component,
suggesting the presence of a single, well-defined iridium-cation (figure 8). species indicating successive oxygenation of the precursor, 60 as well as Cp*-free dimers with iridium in the (III) oxidation state (figure 9 and figures S10-S14). Simulation of these peaks agreed with their assignment as [Ir 2 (pyalc) 2 (O) 2 H] + at a high accuracy of 44 ppm. Such dimers would be fully consistent with all previous observations on oxidative Cp* loss under preservation of the chelate ligand, and similar bis-µ-hydroxy aqua-dimers of iridium are known to be blue with a λ max ~590 nm in the (IV) oxidation state. 61 No iodine-containing adducts were detected by MS and no peaks above 1200 m/z were observed (figure S11), excluding the presence of higher nuclearity clusters or nanoparticles [62] [63] [64] consistent with our previous light scattering results. 34 TEM-EDX analysis (transmission electron microscopy -energy-dispersive X-ray spectroscopy)
showed the presence of both carbon and nitrogen in a sample of fully oxidized 3 dried to a powder in high vacuum (figure 10). Although carbon was not securely quantifiable due to background from adventitious carbon, a clear 1:1 ratio of N to Ir was found as further indication for the retention of the chelate ligand in the blue species consistent with the MS analysis. When exposed to the focused electron beam for longer times (>30 sec.), the material progressively decomposed to form ~7 Å domains of rutile IrO 2 (figures S15-S17). This observation shows how easily electron microscopy can induce sample changes to suggest catalyst decomposition into particles, and is therefore not an entirely reliable method for distinguishing homogeneous from heterogeneous catalysts on its own. XPS analysis (X-ray photoelectron spectroscopy) of the same sample on ultra-pure gold also showed N-1s and C-1s signals, the latter comprising sp 2 carbon (284.8 eV), ortho-nitrogen carbon (286.7 eV), and sp 3 carbon neighboring oxygen (287.9 eV) (figure 11, left). 65, 66 Consistent with the quantification by EDX, an approximate 1:1 ratio of N to Ir was found again (figure S18). The Ir-4f doublet observed at 62.4 eV and 65.3 eV, although overlapping with the Na-2s signal from the oxidant at 63.9 eV (figure 11, right), is fully consistent with iridium being exclusively in the (IV) oxidation state when compared to literature values. 67 The solid material retained its blue color under brief X-ray irradiation, suggesting retention of its native oxidation state during the course of the analysis. Lin had previously observed reduction of an oxidized bipy-based Cp*Ir-WOC under XPS conditions to only see Ir III at 60.7 eV and 63.8 eV, 44 and the higher stability of the blue species derived from the pyalc-ligated precursor 3 likely contributes to this difference. Although some oxo-centered acetate trimers 68 and nitrido-centered sulfate trimers 69 of iridium are known to be remarkably stable in (III)-(IV) mixed-valent states, the presence of stoichiometric amounts of Ir III in the blue species of 3 can be ruled out by the lack of any distinguishable peak in the 60-61 eV region in the XPS analysis. An open-shell Ir IV would account for the ill-defined NMR signals of the chelate ligand in solutions of the blue species. EPR (electron paramagnetic resonance) spectroscopy at 7 K, however, did not show any signal either, suggesting an even-numbered polynuclear species with coupled d 5 metal centers to give a net zero electronic spin in the ground state. 70 At room temperature, a weak paramagnetic moment corresponding to ~0.6 unpaired electrons per iridium could be detected by the Evans method in solution (figure S19). The clean migration of the blue species in the electrophoresis agrees less with dimerization equilibria of d 5 monomers, and rather suggests the presence of a well-defined polynuclear species with electronically coupled Ir IV centers.
Complete departure of Cp* from the metal with retention of the chelate ligand would leave each
iridium with four open sites, which would most likely be occupied by oxo, hydroxo, or aqua ligands under oxidative conditions in water. Mononuclear metal-aqua ion chemistry is well-established even for the less oxophilic late transition metals 71, 72 and polynuclear oxy-bridged aqua-clusters are also known. 73 Several µ-oxy dimers of d 6 metal centers, i.e. those of Co III , 74-76 Rh III , [77] [78] [79] and Ir III 80 have been reported, but only one Ir IV µ-oxy-dimer 81 has been characterized so far. 17 O-NMR is the method of choice to probe the solution chemistry of such aqua-82 and polyoxo-ions, 83 but has rarely been used to investigate functional water-oxidation catalysts. 84, 85 The quadrupole-broadened resonances and the large shift range of the 17 O nucleus (>1000 ppm) make it virtually insensitive to paramagnetic effects in solution, providing a convenient probe for metal-oxo compounds across different oxidation states.
Complex 3 dissolved in 17 OH 2 (10 mM, pH~9) showed one broad 17 O-NMR signal (w½ = 290 Hz) at 174 ppm originating from the Ir III -OH exchanging with solvent ( figure S20 ). The strong trans-effect of Cp* on monodentate ligands in the otherwise extremely slow-exchanging 86 d 6 Ir III aqua-complexes is well documented, 87 and in this case enhanced further by the π-basic pyalc ligand. 88 Hz) lies in the shift region characteristic for µ-oxo ligands. 73 A quantitative 17 O-NMR spectrum showed a clean 1:2 ratio of µ-oxo to aqua peak area (figure S22 Polyoxy-anions which engage in hydration equilibria such as iodate 93 often bind to aqua-complexes in irreversible condensation reactions, 94 but the low nucleophilicity of the high-valent Ir IV -OH 2 likely suppresses this reaction in this case. In order to ascertain the assignment of the 77 ppm peak as coordinated water, the solution of oxidized 3 prepared in 17 OH 2 was basified with KOH to pH~12. No visible color changes occurred (see below), ruling out reduction of the iridium. As can be seen in figure   12 , the aqua peak shifted almost completely to 190 ppm (w½ = 170 Hz), assignable to the corresponding Ir IV -OH. The µ-oxo peak also moved downfield by about 20 ppm as a result of the deprotonation, substantiating the notion that both functionalities are part of the same molecule. Re-acidifying the sample with HNO 3 regenerated the initial spectrum, reforming all Ir IV -OH 2 and shifting the µ-oxo peak back to its original position. The missing iodate peak in the acidified sample is due to the known rapid exchange with solvent water at low pH, 93 which is also reflected in the broadened free water peak at 0 UV-vis pH-titration of oxidized 3 with NaOH/HNO 3 determined the average pK A of the aqua ligands to be 5.0, consistent high-valent Ir IV -OH 2 species (figure 13). 95 All spectral changes were found to be fully reversible, and a quasi-isosbestic point around 435 nm indicated the presence of several aqua ligands with very similar pK A . The fact that no further spectral changes became apparent at low pH values suggests the pK A of the oxo bridges to be <2, confirming the high hydrolytic stability suggested by the 17 O-NMR results. This is in good agreement with a related bis-µ-oxo Ir III aqua dimer, for whose oxo bridges a pK A of 1.6 has been reported. 81 We also modeled the UV-vis spectra of the corresponding doublet Ir IV monomers. The monocationic [Ir IV (pyalc)(H 2 O) 2 (OH) 2 ] complex, potentially formed by hydrolytic cleavage of the bis-µ-oxo dimer, showed the major contribution to its UV-vis spectrum to be an excitation at 488 nm ( figure S25 ). figure S26 ), suggesting that at least one d 5 -oxo unit is required to give rise to the characteristic blue color commonly obtained for iridium precursors oxidized in water, but dimeric Ir IV -O-Ir IV units are more consistent with the high intensities observed experimentally ( figure   15 ).
Modeling of the tautomeric [Ir
As the monomers have their unpaired electrons located in Ir=O d π -p π * orbitals, the formation of the planar Ir IV -O/O-Ir IV core is not due to diradical coupling, but rather results from double donor-acceptor interactions of Ir IV -oxo lone pairs with empty Ir IV d-orbitals. This bonding situation leaves the unpaired electrons on each metal center in the dimer, but with coupling through the delocalized Ir-O/O-Ir π system. Calculation of the triplet state of complex I showed that it is only ~0.5 kcal/mol higher in energy, so that an overall singlet ground state with facile S-T interconversion is plausible. As often seen with such small energy differences, the calculated singlet-triplet gap was found to be highly basis set dependent, however (table S1).
To further affirm the presence of a bis-µ-oxo structure we analyzed the blue species of oxidized 3 by Raman spectroscopy. The bis-µ-oxo di-metal unit is a common motif in the active sites of oxidative metalloenzymes, [103] [104] [105] and through detailed analyses of synthetic bis-µ-oxo dimers of Mn, 106 Fe, 107 Co, 108 Ni, 109 and Cu 110 it has been shown that planar M-O/O-M cores exhibit characteristic Ramanactive stretches at ~550-750 cm -1 , providing a convenient distinction from other metal-oxo functionalities such as mono-µ-oxo (<500 cm -1 ), terminal oxo (>900 cm -1 ), or peroxo units (750-850 cm -1 ). 111, 112 Raman spectra of solutions of oxidized 3 showed the presence of iodate at its expected position 113 of 800 cm -1 irrespective of the excitation wavelength used. Resonance-enhancement was observed with either 488 nm or 660 nm laser excitation to give different sets of molecular signals in the 400-900 cm -1 fingerprint region characteristic for oxo compounds. 114 Except iodate, all peaks observed with 488 nm excitation were found to be insensitive to 16/18 O substitution ( figure 16, left) , consistent with this wavelength being in a regime of pyalc-based electronic transitions that predominantly yield resonance-enhancement of ligand-based vibrational modes. This observation is also further experimental support for retention of unmodified (i.e. non-oxygenated) chelate ligand in the blue Cp*-free species obtained from oxidation of the corresponding Cp*Ir III (chelate) precursor.
Excitation in the lower-energy tail of the Ir IV -oxo transitions at 660 nm (cf. figure 15 ) yielded different resonance-enhancement to give Raman peaks that were not visible with 488 nm excitation ( figure 16, right) . Three major new features were located at 559, 610, and 666 cm -1 , right in the regime expected for a bis-µ-oxo di-metal unit. Consistently, upon assembly in 18 OH 2 these peaks showed isotopic shifts of 56, 33, and 23 cm -1 respectively, proving that these modes originated from oxo functionalities. Three common features at 752, 883, and 958 cm -1 were observed with both λ ex but no other peaks shifted with 18 O substitution. Calculation of the Raman-active normal modes of complex I with DFT showed several sets of pyalc ligand-based vibrations below 1100 cm -1 . The peak observed at 958 cm -1 probably corresponds to intense pyridine ring breathing modes involving Ir-N bond stretching calculated at 1055 and 1060 cm -1 , and the 883 cm -1 peak likely represents another intense ligand deformation computed at 993 cm -1 .
Several other sets of medium intensity ligand vibrations were found at 800-750 cm -1 , 700-650 cm -1 , and 470-440 cm -1 but exact assignments of these are difficult due to the strongly coupled nature of these modes. Still, these regimes include or neighbor almost all of the oxygen isotope insensitive peaks experimentally observed with both 488 nm and 660 nm excitation.
Importantly, none of these coupled modes involved deformation of the bis-µ-oxo core, but two distinct sets of Ir-oxo vibrations were located. One pair of anti-symmetric and symmetric Ir-O/O-Ir stretches was found at values of 722 and 717 cm -1 , and another pair at 532 and 525 cm -1 . As expected, these modes were sensitive to 16/18 O substitution with calculated isotopic shifts of 41-28 cm -1 (table 2) . To demonstrate that Cp* is not needed for homogeneous iridium-catalyzed oxidations we prepared the corresponding (cod)Ir I complexes (cod = cis,cis-1,5-cyclooctadiene) with the bipy (4) and pyalc (5) ligands as alternative catalyst precursors ( figure 17 ). Their oxidation should occur very readily, and although some high-valent cod complexes of iridium are known 115 it is rather unlikely that the L 2 hydrocarbon ligand cod remains bound to the iridium under conditions where the more strongly donating L 2 X ligand Cp* is lost. O 2 assays showed that both (cod)Ir I complexes 4 and 5 were active in O 2 production with aqueous NaIO 4 ( figure 19 ). Under the conditions applied all precursors showed an initial lag phase of ~10 seconds, after which the rate of O 2 evolution quickly reached steady rates. In case of the pyalc precursors, the Cp* complex 3 afforded higher rates than the corresponding cod complex 5, whereas for the bipy ligand the cod complex 4 outperformed the Cp* complex 1. We suspect that the different degradation products of Cp* and cod interfere with WO catalysis, as suggested by the different UV-vis kinetics during oxidation, thereby obscuring clear comparison of performance. NMR analysis of solutions of 4 and 5 oxidized with excess NaIO 4 showed no more signals of the precursors but the presence of small amounts of succinic acid and a hydrophobic precipitate that appeared to be the bisepoxide of cyclooctadiene. 60 Figure 19 . Activities of different Ir-precursors (5 µM) in catalytic O 2 evolution with aqueous NaIO 4 (10 mM) at 25º C as measured by Clark-type electrode in the liquid phase (rates were determined from the linear regime after initial induction and verified in triplicates). The humps observed shortly after injection of 4 and 5 stem from a small amount of acetone needed to pre-dissolve the cod complexes.
The CH-oxidation ability of the (cod)Ir I precursors 4 and 5 was also assessed and compared to their Cp*Ir III counterparts 1 and 3. In the aqueous EBS oxidation with NaIO 4 (scheme 5) all complexes were found to be active (table 3) , and the observed pattern paralleled the respective O 2 evolution performances. especially under oxidative conditions at pH values above their pK A , and in the related ruthenium chemistry the mono-µ-oxo di-ruthenium unit is retained throughout the water-oxidation cycle, 116 we cannot yet extrapolate whether the same holds true for the iridium system under catalytic conditions (i.e. at micromolar concentrations). As several reports suggest that the Cp*Ir III precursors still provide catalytic activity when immobilized on surfaces via the chelate ligand (site-isolation conditions) 44, [117] [118] [119] we believe that monomeric pathways might be accessible too, and we are currently exploring both possibilities in silico. Importantly, the role of the chelate ligand in this chemistry appears to be at least three-fold: a) its electronics determine the rate of activation of the precursor as well as b) the turnover rate in the active form, and c) its oxidative stability prevents the system from polymerizing to IrO x . The latter effectively allows water-and CH-oxidations to be run at higher catalyst loadings and milder pH values, two strongly beneficial effects for these difficult reactions. Although our conclusions only strictly apply to the conditions used in this study, and the influence of solvent, pH, concentration, oxidant etc. on catalyst speciation is well documented in the literature, 30 we believe our findings have some general implications for oxidative iridium chemistry.
It is interesting to note that a similar iridium speciation is likely to exist at least initially when Both channels are known catalyst degradation pathways in water-oxidation mediated by bis-µ-oxo di-manganese complexes. [125] [126] [127] [128] The related mono-µ-oxo di-ruthenium WOCs do operate in a stable (III)-(IV)-(V)-(III) cycle, but the most highly oxidized form is not electrophilic enough to undergo nucleophilic attack by water, and radical oxo-coupling of two Ru V -oxo units is typically the RDS in these systems. 102, 116, 129, 130 CONCLUSION Organometallic Cp*Ir III complexes have been shown to rapidly lose their Cp* ligand under oxidative conditions, and water-and CH-oxidation catalysis using these precursors likely proceeds without any bound Cp*. Other sacrificial hydrocarbon ligands like cyclooctadiene can be used alternatively.
Placeholder ligands are important because they allow isolation of stable pre-catalysts while easily generating the reactive species otherwise not accessible. In this vein, the Cp* half-sandwich precursors are still highly practical starting materials since they provide air-and water-stable precursors through versatile and high-yielding syntheses, but the possibility of using alternative placeholder ligands such as cod will complement the range of accessible pre-catalysts for both water-and CH-oxidation catalysis.
The retained chelate ligand is clearly the most important parameter for tuning the robustness and rate of catalytic water-oxidation, selectivity in CH-oxidation catalysis, and for attachment to surfaces and other aspects of incorporation of these highly active catalysts into electrochemical devices and lightharvesting arrays for solar fuel production. 133 and µ eff calculated using the Curie law with spin-only approximation. 134 UV-vis spectra were recorded at 1 nm resolution on a Varian Cary 50 using 1.0 cm quartz cuvettes against a background of neat solvent. Kinetics were monitored with 0.2 Hz at the wavelength stated. Planar electrophoresis was performed on a BioRad EPS 301 setup using glass microfiber pads (Whatman) as stationary phase wetted with 100 mM NaIO 3 electrolyte solution.
MALDI
TEM images and EDX spectra were taken using a FEI Osiris 200 kV TEM. Samples were prepared by oxidizing a 5 mM aqueous solution of 3 with 200 mM NaIO 4 for one hour at room temperature, evaporation of solvent at 50 ºC, drying in high vacuum, and depositing the resulting bluish powder onto SiO or lacey carbon copper TEM grids (Ted Pella) as a suspension in dry CH 2 Cl 2 . Peak deconvolutions were performed using TIA software.
XPS spectroscopy was performed using aluminum Kα photons (hν = 1486.6 eV) and a double-pass cylinder mirror analyzer (PHI 15-255G). Samples were prepared by pressing some of the solid sample prepared for TEM-EDX onto a 0.1 mm thick disc (1 cm diameter) of high purity gold (99.99 %, Ted Pella) using a bench-top pellet press at 2000 psi. Spectra were referenced using gold as internal standard, and peak fits were performed using XPSPeak (version 4.1).
EPR spectroscopy was performed on a 9.2 GHz X-band Bruker ELEXSYS E500 spectrometer equipped with an Oxford ESR-900 cryostat at 7 K. A 100 µM solution of 3 was oxidized with 10 mM NaIO 4 for 10 minutes, frozen with liquid nitrogen, and placed in the spectrometer for analysis.
Raman spectra were collected on a Spex 1403 Ramalog Double Laser-Raman spectrometer interfaced with a Spex DM3000 data acquisition system (used in direct photon-counting mode) and based upon a Spectra-Physics Stabilite 2017 argon-ion laser or a Horiba Jobin-Yvon T64000 Raman spectrometer with triple subtractive monochromator and an Ignis 660 diode laser. Samples were prepared in spectral grade water at least 30 minutes prior to the analysis, and a background of pure water was collected before the sample was measured at room temperature (5 seconds integration time at 2 cm -1 resolution
[Spex] or 60 seconds integration time at 0.1 cm -1 resolution [Horiba]). Raman-shift calibrations were performed by either scanning over the excitation line (Spex, with reduced slit width) or with a silicon reference sample (Horiba). Plasma lines from the argon-ion excitation source were manually removed from the 488 nm spectrum, which then was interpolated with a B-spline function.
O 2 assays were run at 25 ºC using a temperature-controlled YSI Clark-type electrode setup. After zeroing with NaHSO 3 solution, the electrode was allowed to stabilize in 5 mL of a freshly prepared, airsaturated aqueous oxidant solution (10 mM NaIO 4 ) for 3-5 minutes with stirring before injecting 250 µL of a 0.1 mM catalyst solution to start the catalysis. Averages of 100.000 individual data points were collected with 6 Hz until saturation of the electrode (~250 µM O 2 ).
CH-oxidations were run by pre-dissolving 0.2 mmol substrate (42 mg EBS) and 2 mmol oxidant (428 mg NaIO 4 ) in 5 mL water at room temperature, and then injecting 200 µL of a 10 mM catalyst solution to start the reaction. Conversions were determined from 1 H-NMR using 40 mM sodium d 4trimethylsilylpropionate as internal standard.
